Does the halogen bonding interaction co-exist in liquid when it competes with the hydrogen bonding interaction? The classical molecular dynamics simulations for the solvation properties of ClF molecule in water are performed with the Lennard-Jones plus Coulomb electrostatic potential parameters that are optimized with ab initio interaction energy calculations for the pre-reactive H 2 O···ClF complex. We find that the halogen bonding interactions occur between O and Cl atoms and have the comparable strength and population with respect to the hydrogen bonding interactions of Cl···H.
I. INTRODUCTION
About two centuries ago, halogen bonding (XB) story started with Colin's discoveries about the complexes of iodine-amilose and iodine-ammonia [1, 2] . Thereafter, a lot of efforts were made toward understanding of the nature of XB interactions by different experimental techniques and theoretical calculations, and the conceptual influences and applications of XB were found in crystal engineering and molecular assembling [3] . In 2013, the International Union of Pure and Applied Chemistry recommended a definition that "A halogen bond occurs when there is evidence of a net attractive interaction between an electrophilic region associated with a halogen atom in a molecular entity and a nucleophilic region in another, or the same, molecular entity" [4] . A typical XB interaction can be denoted as R−X···Y, where the three dots represent the intermolecular interaction, R−X is the XB donor, X is a halogen atom (F, Cl, Br, I) covalently bound to the R group, and usually Y is N, O, S, Se, ··· atom in the XB acceptor. Our previous study indicated that the XB interaction of X···Y was primarily the electrostatic attraction, on the basis of interaction energy decomposition analyses with symmetry-adapted perturbation theory [5] .
Most of the previous theoretical studies focused on the details of XB interaction of R−X···Y complex in gas phase [3] , very few investigations about its properties in liquid or solution were reported although it was originally found in the liquid system [1, 2] . In an aqueous system, another important intermolecular interaction, hydrogen bonding (HB), is presented. It is interesting about the competition between the HB and XB interactions in the R−X···water system. However, the strength of XB interaction is usually much weaker than the HB interaction. Therefore, in the aqueous solution, the HB interaction usually plays an overwhelming role in the molecular assembling and crystallization, even though the XB interaction possibly co-exists.
In this work, the XB interaction of Cl···O is investigated for the pre-reactive system ClF−water in liquid phase. The predominant products of the reactions between ClF and water were HF, ClO 2 , Cl 2 O [6], implying that the XB interaction between Cl and O atoms should be responsible for the products of ClO 2 and Cl 2 O. In our previous study, the XB interaction energy −4.16 kcal/mol (at CCSD(T) level of theory) of Cl···O in the H 2 O···ClF complex was predicted [5] , while the HB interaction of Cl···H is quite weak. Here the molecular structures of the aqueous ClF system are studied with classical molecular dynamics simulations, particularly we pay more attentions to the coexistence of the XB and HB interactions.
II. THEORETICAL METHOD
In the present simulations, all-atom parameters of the force fields for ClF and water were used. The TIP3P model of water molecule was adopted directly [7] . To obtain the parameters of ClF, firstly we optimized the geometrical parameters of ClF and water molecules at the second-order Møller-Plesset perturbation level of theory (MP2) within the frozen core approach. The aug-cc-pVTZ basis set was employed. Then, as shown in Fig.1 , three potential energy curves (PEC1−3) for the ClF···H 2 O were calculated at the same level and corrected by the basis-set superposition error. The PECs were fitted to the Lennard-Jones (12−6) plus Coulomb potential,
where the parameters σ ij and ε ij were calculated following the rules as, σ ij =(σ i σ j ) 1/2 and ε ij = (ε i ε j ) 1/2 . The σ i and ε i values were optimized for Cl and F atoms but those for the atoms of water were cited from the TIP3P model. The atomic charges q of ClF molecule were fitted using the Mulliken charges. The data fitting quality was inspected with the penalty function [8] ,
where N was the total number of data and w k was a weight factor being set constantly to 1 kcal −2 ·mol 2 . The quantum mechanical calculations were carried out by the Gaussian 09 revision D.01 suite program [9] .
The classical molecular dynamics simulations were performed with the GROMACS 4.5.7 program package [10, 11] . Initially, ClF was solvated by 1000 water molecules in a cubic box imposed with the periodic boundary condition. Then, 1.0 ns simulation in the NPT ensemble was performed at 1 atm and 300 K with a 2 fs step. The Berendsen coupling algorithm [12] was used to impose the constant temperature and pressure conditions. Finally, 10.0 ns simulation in the NPT ensemble was carried out at 1 atm and 300 K with a 2 fs step. The Nosé-Hoover thermostat [13, 14] with a time constant of 0.5 ps was employed to regulate the temperature. The Parrinello-Rahman coupling algorithm [15] was used to impose the constant pressure. The cutoff distance for van der Waals interactions was 12.0Å, and long-range electrostatic interactions were treated by the particle-mesh Ewald method [16] implemented in GRO-MACS. The LINCS algorithm [17] was used in all the simulations, to constrain all bonds and angles, keeping the rigid structures of the solute and solvent molecules.
III. RESULTS AND DISCUSSION
As shown in Fig.1 , the most attractive interaction occurs when ClF approaches the O atom along the angular bisector of water molecule (PEC1); while the interaction when H 2 O molecule attacks ClF in a direction perpendicular to the ClF bond is nearly repulsive (PEC3). The minima are −4.60, −0.70, −0.27 kcal/mol on PEC1, PEC2, PEC3, respectively. The attraction energy of −4.60 kcal/mol is a little larger than that predicted at the higher level of theory CCSD(T) before [5] . When fitting the PECs to obtain the atomic ε and σ parameters of ClF, the parameters for water from the TIP3P model [7] should be kept simultaneously. First the LennardJones parameters for ClF were obtained by fitting all points on the PECs lower than 2.5 kcal/mol with a penalty f value of 0.11. All individual error is lower than 0.2 but more pronounced for PEC2 (f =0.18). The fitting errors for PECs 1 and 2 are mainly influenced by the σ values of Cl and F atoms jointly. The fitted potentials are compared with the MP2 calculated data in Fig.1 , exhibiting a general satisfactory. The parameters for ClF together with TIP3P of water in Table I represent the average values to minimize the overall f functions. The solvation structure around ClF molecule are depicted as the radial distribution function g(r) in Fig.2(a) . The g(r) curve varies with the distance (r) between the center-of-mass of ClF and H 2 O, exhibiting a maximum at r=3.0Å and a shoulder at r=3.5Å. This solvation shell structure is closely related to the details of XB and HB interactions discussed in the following parts. Figure 2 (b) shows more details about the hydration structure around Cl and F atoms. The g(r) peak positions for the HB (solid curve) and XB (broken curve) interactions are distinctly different, and the values are listed in Table II . A sharp peak at 2.6Å represents the XB interactions of Cl···O, while a broad peak at 3.3Å corresponds to the HB interactions of Cl···H. It is noted that the Cl···O bonding distance of 2.6Å is in good agreement with 2.5174Å predicted at the higher level of theory CCSD(T) [5] and the 2.608Å determined with the experiment for the ClF···H 2 O complex in the gas phase [18] . The average number ⟨N ⟩ and average lifetime ⟨τ ⟩ of HB and XB are listed Table II the XB between F and O can be ignored. This is in line with a rule established well that the XB strength scales with the polarizability of the XB donor atom, that is, F<Cl<Br<I [19] .
Although the g(r) curves provide us useful information on a radial structure of solution, to fully understand the spatial structures, the angular dependent information is also necessary, in particular, for the solutions including the polar molecules. The most elegant way is to explore spatial distribution function which enables us to have much better insights into the three-dimensional local solvation structure. The threedimensional spatial distributions of O and H atoms of water for the first hydration shell are depicted in Fig.3 , with the red solid surfaces representing the density distribution of O atoms at 2.3 times of the average level and the green wire-frames representing the density distribution of H atoms. Since the distances between F and H (or O) are much longer (see Fig.2(b) ), here only the HB interactions of Cl···H and XB interactions of Cl···O can be found in Fig.3 . It is more clearly in Fig.3(b) that the distribution of some O atoms around Cl atom in the Cl−F bond direction are attributed to the XB interactions of Cl···O, while the other O atoms are due to the HB interactions of Cl···H. The combination effect of the spatial distributions of these HB and XB interactions is to form the peak at 3.0Å of g(r) in Fig.2(a) . Such an anisotropic hydration structure is a result both of HB and XB interactions between ClF and H 2 O molecules. To the best of our knowledge, there are no reports prior to this work on this unique hydration structure of ClF.
IV. CONCLUSION
On the basis of the force field parameters for ClF optimized from ab initio calculations, we perform all-atom molecular dynamics simulations of the aqueous solution of ClF. The hydration structures are derived from the simulation data. The coexistence of hydrogen bonding and halogen bonding interactions is proved, and these two types of intermolecular interactions have the com-
